C ytochrome P450 epoxygenases of the 2B, 2C, and 2J subfamilies are expressed in endothelial cells and metabolize arachidonic acid to epoxyeicosatrienoic acids (EETs) (5,6-EET, 8,9-EET, 11,12-EET, and 14,15-EET). Because EETs induce the hyperpolarization and relaxation of vascular smooth muscle cells, these eicosanoids were initially described as endothelium-derived hyperpolarizing factors. 1 However, EETs are now appreciated to be more than simple vasodilators and exert numerous membrane potentialindependent effects on endothelial cell signaling and vascular homeostasis. 2 Whereas EETs can be released from endothelial cells, they also act as intracellular signal transduction molecules and are capable of activating tyrosine kinases and phosphatases, MAP kinases (extracellular signal regulated kinase 1/2, p38 MAP kinase), the phosphatidylinositol-3 kinase, and protein kinase B/Akt. 2 Furthermore, EETs have been reported to stimulate the ADP-ribosylation of G-proteins and to prevent the activation of the transcription factor nuclear factor B. 3, 4 More recently, CYP2C9-derived EETs were found to induce endothelial cell proliferation and angiogenesis 5, 6 via a mechanism involving the induction of MAP kinase phosphatase-1 and cyclin D1, as well as the transactivation of the epidermal growth factor (EGF) receptor. 6, 7 Cyclooxygenases (COX) also metabolize arachidonic acid, leading to the production of prostaglandins and thromboxanes. There are 2 isoforms of this enzyme. The first (COX-1) is constitutively expressed in most tissues, whereas the expression of COX-2 can be induced by growth factors, cytokines, and vasoactive peptides such as endothelin. 8 COXderived products have been shown to be key mediators in inflammatory responses, and they also regulate vascular tone, as well as a number of signal transduction pathways affecting cell adhesion, growth, and differentiation. Although COX-2 expression is increased in inflammatory conditions, its products are not always pro-inflammatory. In the vasculature, COX-2 generates mainly the vasodilator and antithrombotic prostanoid, prostacyclin (PGI 2 ), 9 and should therefore be considered as vasoprotective.
Because CYP-derived EETs transactivate the EGF receptor, 10 which has been linked to an increase in COX-2 expression, 11 the aim of the present investigation was to determine whether an increase in CYP2C9 expression and activity could elicit an increase in COX-2 expression and whether COX-2 is involved in CYP2C9-induced angiogenesis.
Methods

Materials
11,12-EET was purchased from Cayman Chemicals (Massy, France), KT 5720 was from Calbiochem (La Jolla, Calif), and thrombin was from Hemochrom Diagnostica GmbH (Essen, Germany). Celecoxib was a generous gift from Dr Gerd Geisslinger (Frankfurt, Germany). Epoxyeicosa-5(Z)-enoic acid (14, and N-methylsulfonyl-6-(2-propargyloxyphenyl) hexanamide (MS-PPOH) were synthesized as described. 12, 13 Sulfaphenazole and all other chemicals were from Sigma.
Cell Culture
Human umbilical vein endothelial cells (HUVECs) were purchased from Cell Systems/Clonetics (Solingen) and cultured as described. 6 First-or second-passage endothelial cells were used in all experiments.
Adenoviral Infection
HUVECs (80% to 90% confluent) were serum-starved for 24 hours before infection with adenoviral vectors. Cells were incubated with recombinant adenoviruses expressing CYP2C9 sense or antisense cDNA (10 pfU/cell) in medium without antibiotics for 4 hours at 37°C, followed by recovery in the presence of 2% fetal calf serum. The efficiency of infection was between 90% and 100%.
Immunoblotting
For Western blot analysis, cells were lysed in Triton X-100 lysis buffer and separated by SDS-PAGE as described. 6 Proteins were detected using antibodies against COX-2 (Santa Cruz Biotechnology, Santa Cruz, Calif) and ␤-actin (Sigma). The CYP2C9 antibody used was purified by Eurogenetec (Seraing, Belgium) from rabbits immunized with a CYP2C9 peptide (RRRKLPPGPTPLPIC).
Reporter Gene Assay
Twelve hours after infection with CYP2C9 sense or antisense adenoviral constructs, endothelial cells were transfected with a COX-2 promoter construct (kindly provided by Dr Margarete Goppelt-Struebe, Erlangen, Germany), together with a LacZ construct (Invitrogen, Karlsruhe, Germany). After 24 hours, the cells were lysed, and luciferase activity was assayed according to the manufacturer's protocol (Promega, Mannheim, Germany). Values were corrected for transfection efficiency by measuring ␤-galactosidase activity.
Radioimmunoassays
Commercially available kits (both from Amersham Biosciences, Buckinghamshire, UK) were used to determine 6-keto-prostaglandin (PG) F 1␣ (6-Keto-PGF 1␣ ) levels in cell supernatants and intracellular cAMP levels in cells treated with 3-isobutyl-1-methylxanthine (30 mol/L, 30 minutes) as described. 14 
Electrophoretic Mobility Shift Assay
Double-stranded oligonucleotides containing the sequence of the binding site for cAMP-response element-binding protein (CREB: 5Ј-AGAGATTCGCTGACGTCAGAGAGCTAG-3Ј) were labeled with 32 P␥-ATP using a Ready-to-go DNA-Labeling Kit (Amersham Biosciences, Piscataway, NJ). Nuclear proteins (6 to 10 g) were incubated with the 32 P-labeled oligonucleotides (10000 counts/ sample) for 30 minutes in electrophoretic mobility shift assaybinding buffer (10 mmol/L HEPES, pH 7.5, 100 mmol/L NaCl, 1 mmol/L EDTA, 5% [v/v] glycerol, 1 mmol/L DTT, 1 L/sample poly-dI/dC). Supershift assays were performed by adding a CREB antibody 30 minutes before incubation with the oligonucleotide. Protein-DNA complexes were resolved by gel electrophoresis, and the gels were fixed and dried before being exposed to x-ray films. Densitometric analysis of the autoradiographs was performed after nonsaturating exposures, and the values were expressed as the percentage of the binding activity detected in extracts from unstimulated cells.
In Vitro Angiogenesis Assay
Fibrin gels were prepared using thrombin (0.5 U/L)-polymerized fibrinogen (1.5 mg/mL in MCDB 131). HUVECs were infected with CYP2C9 sense or antisense adenoviruses 24 hours after seeding onto the fibrin gels and cultured in MCDB 131, supplemented with 4% fetal calf serum, L-gutamine (10 mmol/L), basic fibroblast growth factor (0.5 ng/mL), epidermal growth factor (0.05 ng/mL), and endothelial cell growth-stimulating factor from bovine brain (ECGS/H, 0.2%), and in the absence or presence of celecoxib (1 mol/L). After 14 days, photographs were taken and tube formation was assessed and total tube length determined.
Cyclic Strain
To induce CYP2C expression in cultured endothelial cells human umbilical vein endothelial cells were exposed to cyclic strain (12%, 1Hz) for 24 hours as described previously. 15 After stimulation, the endothelial cells were recovered and seeded onto Matrigel; tube formation was assessed after 12 hours and quantified by counting the number of branch points.
Isolation of RNA and Reverse-Transcription Polymerase Chain Reaction
Total RNA was isolated from cultured HUVECs using phenol and guanidine isothiocyanate (TriReagenz; Sigma). Random hexanucleotide primers were used for reverse-transcription of equal amounts of RNA. The cDNA was used for real-time polymerase chain reaction (PCR) using Taqman probes for the detection of the specific amplification products. The oligonucleotides used for the PCR were derived from the human CYP2C8 sequence (2C8 forward: ggactttatcgattgcttcctg, reverse: ccatatctcagagtggtgcttg; FAM and dabcyl labeled Taqman probe: ttggcactgtagctgatctatttgttgctgga). To control for the amount of cDNA used, the 18S RNA was amplified by real-time PCR with Primer and detected by Taqman probes (Applied Biosystems). The relative amount of the cDNA in the samples was calculated on the basis of a standard row obtained by a serial dilution of a positive control. The relative amounts of CYP2C were normalized to the relative amounts of 18S. At least 2 reverse-transcription reactions were performed with each RNA sample and at least 2 PCR reactions were performed with each cDNA sample.
Statistics
Data are expressed as the meanϮSEM. Statistical analyses were performed by 1way ANOVA followed by Bonferroni multiple comparison test. Values of PϽ0.05 were considered statistically significant.
Results
Effect of CYP2C9 Overexpression and EET Stimulation on COX-2 Expression
CYP2C protein is expressed in native endothelial cells but its expression rapidly decreases after cell isolation. Therefore, to determine the effect of CYP2C9 on COX-2 expression in endothelial cells, HUVECs were infected with either CYP2C9 sense or CYP2C9 antisense adenoviruses. Endothelial cells infected with the CYP2C9 sense adenovirus generated Ϸ2-fold more 11,12-EET and 14,15-EET under basal conditions than cells infected with the control (CYP2C9 antisense) virus and was sensitive to the CYP2C9 inhibitor, sulfaphenazole (see http://atvb.ahajournals.org).
CYP2C9 overexpression markedly increased COX-2 protein levels compared with the control cells, ie, infected with the CYP2C9 antisense virus ( Figure 1A ). The antisense virus did not affect basal COX-2 expression or that induced by IL-1␤ (data not shown). Sulfaphenazole abolished the CYP2C9-induced expression of COX-2 ( Figure 1B ). In contrast, AG 1478, which inhibits the intrinsic tyrosine kinase activity of the EGF receptor, did not affect the CYP2C9-induced increase in COX-2 expression (data not shown).
To determine whether a CYP2C9 product also elicits COX-2 protein expression, we investigated the effects of 11,12-EET on COX-2 expression. Exogenous application of 11,12-EET significantly increased COX-2 expression in endothelial cells ( Figure 1C ).
Effect of CYP2C9 on PGI 2 Levels in Endothelial Cells
Levels of 6-keto-PGF 1␣ , the main stable metabolite of PGI 2 , were increased in the supernatant of cells overexpressing CYP2C9, an effect inhibited by sulfaphenazole (Figure 2A ). Sulfaphenazole did not affect 6-keto PGF 1␣ production in cells infected with the control virus or the basal and bradykinin-stimulated production of 6-keto PGF 1␣ in noninfected cells expressing only COX-1, indicating that the effects of sulfaphenazole cannot be attributed to a nonspecific action as a COX inhibitor. 6-Keto PGF 1␣ levels were 200Ϯ26 and 867Ϯ69 versus 222Ϯ35 and 942Ϯ72 pg/mL in solvent and bradykinin-stimulated (100 nmol/L) cells in the absence and presence of sulfaphenazole, respectively (nϭ3). Thromboxane B 2 could not be detected in cells expressing CYP2C9 (data not shown).
Effect of CYP2C9 on cAMP and CREB
The expression of CYP2C9 was associated with a significant increase in endothelial cAMP levels compared with control (antisense virus-treated) cells, both under basal conditions and after stimulation with bradykinin ( Figure 2B ). Treatment with sulfaphenazole reduced the cAMP concentration of CYP2C9-expressing cells to control levels.
Overexpression of CYP2C9 induced the activation and DNA binding of CREB, an effect not observed in infected cells treated with sulfaphenazole ( Figure 3A) . Moreover, the CYP2C9 product, 11,12-EET, also elicited the timedependent activation of CREB ( Figure 3B ). 
Involvement of Protein Kinase A in the CYP2C9-Induced Expression of COX-2
Overexpression of CYP2C9 markedly increased COX-2 promoter activity and protein expression (Figure 4 ). Both these effects were sensitive to treatment of the cells with sulfaphenazole, as well as with the protein kinase A (PKA) inhibitor, KT 5720. Sulfaphenazole and KT 5720 did not affect COX-2 promoter activity or COX-2 levels in control (antisense virus-treated) endothelial cells.
Effect of the COX-2 Inhibitor Celecoxib on CYP2C9-Induced and 11,12-EET-Induced Angiogenesis
To determine whether the induction of COX-2 expression contributes to the angiogenic effect of CYP2C9, we investigated the effect of the specific COX-2 inhibitor celecoxib on CYP2C9-induced endothelial tube formation in a fibrin gel.
HUVEC were seeded on fibrin gels, infected with CYP2C9 sense or antisense adenoviruses, and cultured in the absence or presence of celecoxib. After 14 days, endothelial cell tubes were clearly present in endothelial cells expressing CYP2C9, whereas little or no tubes were found in gels containing cells treated with the antisense virus or in gels containing CYP2C9-overexpressing cells treated with celecoxib ( Figure 5 ).
Effect of CYP2C Upregulation by Cyclic Strain on Endothelial Cell Tube Formation.
To study a more physiologically relevant response, tube formation was monitored in endothelial cells in which CYP2C expression was enhanced by pre-exposure to cyclic strain for 24 hours. As previously reported, 15 cyclic stretch (12%, 1Hz) for 24 hours significantly increased CYP2C levels ( Figure 6A ). The cyclic strain-induced increase in CYP2C expression was associated with an increase in COX-2 expression and was sensitive to the epoxygenase inhibitor MS-PPOH ( Figure 6B ).
Given that CYP2C protein levels decrease in cultured cells maintained under static conditions, it was necessary to monitor tube formation over a relatively short period (12 to 16 hours) using the Matrigel tube formation assay. However, 24 hours after the cessation of strain, CYP2C RNA expression remained Ϸ8-fold elevated over levels detected in static cultures. We observed a significant increase in the number of branching points in the Matrigel assay when cells were preconditioned by cyclic strain. This effect was abolished in 
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cells pretreated with sulfaphenazole and the EET antagonist EEZE, and markedly inhibited in cells treated with celecoxib or the epoxygenase inhibitor, MS-PPOH ( Figure 6C ).
Discussion
The results of the present investigation demonstrate that the overexpression of a CYP epoxygenase (CYP2C9), as well as the application of a CYP epoxygenase product (11, to endothelial cells, induce the expression of COX-2 in a cAMP/PKA-dependent manner. This effect contributes to the angiogenic effect of CYP2C9, which could be demonstrated by the use of the selective COX-2 inhibitor celecoxib. The concentration of celecoxib used (1 mol/L) was low enough to selectively inhibit COX-2 without affecting COX-1 activity or exerting other COX-independent effects. 16 Although CYP2C is expressed in native endothelial cells, levels of CYP2C protein and RNA decrease rapidly after cell isolation. 17 Therefore, when assessing responses in cultured cells, it is necessary to induce CYP expression using pharmacological agents or a physiological stimulus such as cyclic strain, or to transfect the cells with a CYP2C9 expression vector. To achieve high transfection efficiency, we used adenoviral vectors encoding for CYP2C9. However, because the adenoviral infection of cells can itself elicit an inflammatory response and increase COX-2 expression, we compared responses with those obtained in cells treated with a control (CYP2C9 antisense) virus. Adenoviral infection alone elicited a rapid but transient upregulation of COX-2 (protein levels had returned to basal values Ϸ16 hours after infection). The effects we have attributed to the overexpression of CYP2C9 were the consequence of enhanced enzyme activity inasmuch as sulfaphenazole, a CYP2C9 inhibitor, was able to prevent the induction of COX-2 expression observed after infection with the CYP2C9 (sense) virus. We also observed that exposure of endothelial cells to cyclic strain increased both CYP2C and COX-2 expression. COX-2 was previously reported to be induced by fluid shear-stress and to be mediated by PKA and CREB. 18 Here, we found that an epoxygenase inhibitor prevented the increase in COX-2 expression. The exogenous application of 11,12-EET was also found to induce the expression of COX-2 in endothelial cells. It is difficult to estimate the concentration of exogenously applied EET that actually enters a cell under culture conditions as the cellular EET content reflects generation, degradation, binding, and re-incorporation of these lipid mediators into phospholipids of the membrane. Although an EET receptor has not yet been identified in endothelial cells, the fact that it is possible to antagonize the effects of 11,12-EET with the EET antagonist, 14,15-epoxyeicos-5(Z)-enoic acid, suggests that a receptor exists. If this receptor is intracellular, it is logical to assume that the concentration of intracellularly generated EET required to elicit a specific effect is much lower than that of the compound added exogenously. Thus, although our studies with 11,12-EET show that a CYP2C9 product can elicit the same effect as overexpression of an EET-generating enzyme, they cannot be used to estimate the concentration of EETs required to elicit a biological effect. However, taken together, our findings implicate the involvement of an EET-dependent and cAMPdependent process in the regulation of the stretch-induced increase in COX-2 expression and may link our observations with previous reports showing that PKA and CREB are involved in the induction of COX-2 in endothelial cells. 18 EETs are now recognized as intracellular signal transduction molecules affecting kinase cascades, 19 as well as modulating gene expression in a variety of different cell types. Exactly how EETs are able to initiate such signaling cascades is unclear, but several groups have reported a link between EETs and the activation of adenylyl cyclase and the cAMP/ PKA pathway. 20, 21 Our conclusion that the EET-induced activation of PKA is involved in the induction of COX-2 is based on experiments using the kinase inhibitor KT 5720, which may inhibit kinases other than PKA. 22 However, CYP2C9 overexpression was associated with an increase in cAMP levels, and we have previously reported that other PKA inhibitors are also able to interfere with EET signaling. 14 Moreover, the CYP2C9-induced increase in COX-2 expression reported here also depends on an increase in the DNA binding of CREB to the COX-2 promoter. CYP 2J2, an EET-generating epoxygenase that is also expressed in endothelial cells, has been linked with the induction of tissue plasminogen activator in endothelial cells via a cAMPdependent mechanism. 23 In the latter study, the EET-induced increase in cAMP was attributed to the activation of the guanine nucleotide-binding protein G␣ s , suggesting that this mechanism may also underlie the induction of COX-2 described in this report. Some of the consequences of EET production can however be attributed to the transactivation of the EGF receptor after the release of heparin-binding EGF from the endothelial cell surface. 6, 10 Although COX-2 expression is reported to be modulated by EGF or activation of the EGF receptor in some cells, 11 such a mechanism cannot account for the induction of COX-2 in CYP2C9-expressing endothelial cells inasmuch as treatment with an inhibitor of the EGF receptor tyrosine kinase did not influence COX-2 expression.
CYP epoxygenase-derived EETs inhibit the activation of nuclear factor B 3 and attenuate the PDGF-induced migration of smooth muscle cells. 24 Such observations, together with their well-characterized vasodilator and fibrinolytic properties, 23 have led to the classification of EETs as antiinflammatory compounds. At first sight, the results of the present investigation, showing that CYP2C9-derived EETs induce COX-2 expression, tend to contradict this classification because COX-2 has long been considered as the "bad" COX isoform that is generally induced as a consequence of an inflammatory reaction. On the basis of findings obtained in other cell systems, it has been generally assumed that COX-2 plays a detrimental role in cardiovascular homeostasis. COX-2 expression is however increased in endothelial cells exposed to fluid shear/stress, 25 a well-documented antiatherosclerotic stimulus. Moreover, COX-2 is the major source of the potent anti-aggregatory vasodilator PG, PGI 2 , 9 and exerts anti-apoptotic actions in other cell types. 26 Recent findings have also associated enhanced COX-2 activity with the protection of cardiomyocytes against oxidative stress and ischemia/reperfusion injury. 27, 28 The inhibition of PGI 2 production by COX-2 and the loss of its vasoprotective effects may account for the results of a recent meta-analysis of all randomized clinical trials of COX-2 inhibitors that concluded that the inhibition of COX-2 potentially increases the risk of cardiovascular events. 29 Although it is clear that COX-2-derived thromboxanes would be expected to induce vasoconstriction and potentiate an inflammatory state, the enzyme generates mainly PGI 2 when it is expressed in endothelial cells. 9 Increased expression of COX-2 has been linked to angiogenesis, 30 and in co-cultures of COX-2-overexpressing colon cancer cells with endothelial cells, enhanced enzyme activity results in endothelial cell migration and angiogenesis. 31 EETs have been shown to induce angiogenesis in vitro 6 and in vivo, 5 and we have previously reported that CYP2C9 induces angiogenesis via the activation of the EGF receptor, which is probably mediated via matrix metalloprotease activation followed by the release of EGF/HB-EGF. 6 The results of the present investigation indicate that the induction of COX-2 expression also contributes to the angiogenic effect of CYP2C9, although the 2 pathways do not appear to be directly linked. 
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LC-MS/MS measurements
EET levels in CYP 2C9-overexpressing cells.
Endothelial cells infected with the CYP2C9 sense adenovirus generated approximately 2-fold more 11,12-EET, and 11,12-DHET under basal conditions than in cells treated with the antisense virus.
Similarly, levels of 14,15-DHET and 8,9-DHET were also increased by approximately 2-fold.
Sulfaphenazole attenuated EET production by the CYP2C9-overexpressing cells but did not affect basal EET levels in cells treated with the antisense virus ( Figure 1A ). In accordance with previously published data, CYP2C9 overexpression did not affect the production of 5,6-EET. 1 
